Diabetes may promote myocardial extracellular matrix (ECM) expansion that increases vulnerability. We hypothesized that: (i) type 2 diabetes would be associated with quantitative cardiovascular magnetic resonance (CMR) measures of myocardial ECM expansion, i.e. extracellular volume fraction (ECV); (ii) medications blocking the renin-angiotensin -aldosterone system (RAAS) would be associated with lower ECV; and (iii) ECV in diabetic individuals would be associated with mortality and/or incident hospitalization for heart failure.
Introduction
Type 2 diabetes mellitus may promote changes in the myocardial extracellular matrix (ECM) that are associated with mortality and incident heart failure. Individuals with diabetes experience worse outcomes for endpoints such as heart failure, 1 sudden cardiac death, 2 and myocardial infarction (MI) 3 (which is particularly lethal in the setting of diabetes). Mechanisms underlying this vulnerability are complex and incompletely understood, and 'diabetic cardiomyopathy' requires further characterization. Extracellular matrix expansion may contribute to these adverse events since it is linked with mechanical dysfunction, 4 vasomotor dysfunction, 5 arrhythmia, 6 and mortality. 6, 7 Furthermore, pre-existing ECM expansion may also diminish tolerance to ischaemic insults. 8 Extracellular matrix expansion may therefore indicate 'vulnerable myocardium'. Because ECM expansion in humans is treatable [ e.g. inhibitors of the renin-angiotensin -aldosterone system (RAAS)] 5,9 -11 and represents a therapeutic target, quantifying ECM expansion may ultimately provide a foundation to improve care in diabetic individuals through targeted treatment. Yet, prior studies have yielded conflicting results regarding the relation between diabetes and ECM expansion. 12, 13 Novel cardiovascular magnetic resonance (CMR) techniques permit investigation of the relationship between diabetes, ECM expansion, and outcomes. Cardiovascular magnetic resonance employing gadolinium contrast (Gd) can quantify ECM expansion by measuring the extracellular volume fraction (ECV) based on (i) T1 measures of blood and myocardium before and after Gd and (ii) the haematocrit. 14 Extracellular matrix expansion appears to result mostly from the accumulation of excess collagen in the interstitium in the absence of confounding conditions (e.g. oedema or amyloid), 4, 14 and Gd tracks thin strands of collagen in the ECM with high fidelity. 15 Extracellular volume fraction can non-invasively detect and quantify the full spectrum of ECM expansion in humans, 14 and ECV is reproducible between CMR scans. 16, 17 The specific aims were to examine the relationship between diabetes and ECM expansion in non-infarcted myocardium, examine whether ECM expansion was related to RAAS inhibitor use, and then examine outcomes in those with diabetes. We studied a large clinical cohort of consecutive patients referred for CMR. We hypothesized that: (i) diabetes would be associated with ECV in multivariable linear regression models; (ii) RAAS inhibitors, e.g. angiotensin-converting enzyme inhibitors or receptor blockers, and aldosterone antagonists would be associated with lower ECV in multivariable linear regression models; and (iii) ECV in diabetic individuals would be associated with subsequent mortality and/or incident heart failure admission in Cox regression models.
Methods

Patient population
After ethics committee protocol approval that complied with the Declaration of Helsinki, we recruited 1386 adult patients referred for clinical CMR at the UPMC CMR Center at the time of CMR (representing 95% of all patients scanned.) This cohort was formed to examine whether novel CMR measures of ECM expansion are associated with patient outcomes. Inclusion criteria were written informed consent and completion of a Gd enhanced CMR scan which required a glomerular filtration rate ≥30 mL/min/1.7 m 2 , and no other contraindications to CMR. Exclusion criteria were: (i) known or suspected cardiac amyloidosis (n ¼ 18), a unique disorder that markedly expands the interstitium independent of myocardial fibrosis (unpublished data), (ii) hypertrophic cardiomyopathy (n ¼ 61), a genetic disorder with distinct clinical characteristics, (iii) type 1 diabetes (n ¼ 4) as defined in the clinical chart, and (iv) adult congenital heart disease (n ¼ 127). To maximize generalizability, we included those with MI since MI size can vary greatly and since we measured ECV specifically in remote non-infarcted myocardium avoiding even the area at risk. Extracellular matrix expansion in the myocardium remote from the infarction is an important feature of ischaemic cardiomyopathy. 12, 18 The final cohort included 1176 patients. Diabetic status and other comorbidity data were determined at the time of CMR scanning according to the medical record, as these were used for medical decision making. Study data were collected and managed using REDCap (Research Electronic Data Capture) electronic data capture tools hosted at the University of Pittsburgh. 19 Vital status was ascertained by Social Security Death Index queries and medical record review. Incident heart failure admission was identified by medical record review which used the same definition as prior epidemiological studies. 20 
Late gadolinium enhancement
Late gadolinium enhancement (LGE) imaging was performed 10 min after a 0.2 mmol/kg i.v. gadoteridol bolus (Prohance, Bracco Diagnostics, Princeton, NJ, USA). To optimize LGE, we used a phase sensitive inversion recovery pulse sequence to increase signal-to-noise ratios, correct for surface coil intensity variation, and render signal intensity proportional to T1 recovery. 21 When patients could not breath hold or had arrhythmia, single-shot SSFP, motion corrected, averaged PSIR images were acquired. 22 Myocardial infarction size was measured blinded to clinical data as described previously. 23 
Quantification of the extracellular volume fraction
We employed methods described previously that yield reproducible ECV measures of ECM expansion in non-infarcted myocardium after a gadolinium bolus with minimal variation related to heart rate or time elapsed following the bolus. 7, 16, 24, 25 We validated T1 measures using an ECG-gated single-shot-modified Look Locker inversion recovery sequence against CuSO 4 phantoms with physiological T1 and T2 values for the myocardium and blood. 7, 16 We did not exclude foci of non-infarcted scar on LGE images (i.e. atypical of MI) from quantitative ECV measures acquired in non-infarcted myocardium 7 which would bias ECV measures.
We did not want spatial variation of ECM expansion (the key feature which renders it detectable on LGE images) to confound its quantification, especially since ECM expansion exists as a continuum, from focal to diffuse. 7 Moreover LGE for quantifying fibrosis/ECM expansion in noninfarcted myocardium is not well validated, and established LGE methodologies are lacking. Extracellular volume fraction has more rigorous validation for that purpose. 14, 17 For ECV measures, we excluded the myocardium in the vicinity of infarcted, edematous, 26 or stunned 1/T1 ). Each ECV measurement for a short-axis slice location was derived from a single pre-contrast and post-contrast T1 occurring after clinical LGE images (usually 20 min after the contrast bolus). Haematocrit measures were acquired on the day of scanning. We averaged ECV measures from basal and mid-ventricular short-axis slices to yield the final measurement. Apical slices were avoided due to concerns of error related to partial volume averaging. 28 
Statistical analysis
Categorical variables were summarized as percentages, and continuous variables were summarized as median and inter-quartile range. Statistical tests were two-sided, and P , 0.05 was considered significant. 
Results
Patient characteristics
Baseline characteristics are summarized in Table 1 . Diabetic individuals (n ¼ 231) were older and had a higher burden of comorbidity and disease severity than those without diabetes (n ¼ 945), including greater weight, lower haematocrit, and worse renal function. Among those with diabetes, 97 (41%) were treated with oral hypoglycaemic medication, and 125 (54%) treated with insulin. We did not measure glycosylated haemoglobin (HbA1C) at baseline; in those with available HbA1C, median HbA1C was 7.1% (IQR: 6.5 -8.5%, n ¼ 118).
Associations between diabetes and extracellular volume fraction
Comorbidities and treatment did not explain the relationship between diabetes and ECV. Diabetic individuals had higher median ECV than those without diabetes: 30.2% (IQR: 26.9-32.7) vs. 28.1% (IQR: 25.9-31.0), respectively, P , 0.001) as shown in Figure 1 . Diabetes remained significantly associated with ECV in multivariable linear regression models with extensive risk adjustment ( Table 2) . This relationship persisted even when limiting the analysis to those with preserved EF, and those without MI, known obstructive coronary artery disease documented by prior angiography, or LGE ( Table 2) . We found no relation between HbA1C and ECV in those in whom HbA1C data were available. , there were 24 deaths and 21 incident heart failure admissions among diabetic individuals (38 events total since some experienced both). Extracellular volume fraction was significantly associated with; (i) the combined endpoint of death or incident heart failure admission; (ii) incident heart failure admission while censoring for death; or (iii) all-cause mortality. The Kaplan-Meier curves are shown in Figure 2 . Extracellular volume fraction remained associated with events in diabetic individuals in multivariable Cox regression models as shown in Table 3 . We obtained similar survival analysis results when excluding the 35 surviving individuals (15%) who did not follow-up at our institution after CMR scanning. We found similar associations in those without diabetes.
To illustrate the prognostic ability of ECV, we compared it separately against (i) EF, or (ii) non-ischaemic scar on LGE images in simple Cox regression models, with only ECV and EF/non-ischaemic scar as covariates. Using x 2 values to quantify strength of association, ECV surpassed EF or non-ischaemic scar in prognostic ability (Supplementary material online, Table 1 -3) . There was no interaction between ECV and EF or between ECV and nonischaemic scar. In the full cohort, there was no interaction between diabetes and ECV for death or incident heart failure admission (P ¼ 0.77).
Figure 2
In 231 individuals with diabetes and 945 individuals without diabetes, extracellular matrix expansion in myocardium quantified by extracellular volume fraction is associated with increased risks of: death or heart failure admission (top panel); heart failure admission ignoring or censoring for death (middle panel); or all-cause mortality (lower panel). Event rates were higher for those with diabetes. The numbers of events are shown in Table 3 .
Myocardial extracellular volume, diabetes, and outcomes
Blockade of the renin -angiotensinaldosterone system and extracellular volume fraction
In the entire cohort, there was no significant difference in the median ECV between those taking agents to block the RAAS and those who did not (28.6 vs. 28.2%, P ¼ 0.07). Since use of agents to suppress RAAS is reserved for those with higher disease severity where ECM expansion is expected to be higher, we adjusted for important baseline differences in potential confounders to address this bias. RAAS blockade was then significantly associated with lower ECV (b 20.6, P ¼ 0.028) in the multivariable linear regression model adjusting for baseline differences: age, gender, race, smoking, diabetes, hypertension, dyslipidaemia, glomerular filtration rate, left ventricular EF, MI size (per cent of left ventricular mass), coronary disease severity (the number of coronary arteries with stenoses) left ventricular mass index, and beta-blocker use.
Discussion
Our data from a large, consecutive cohort of patients referred for CMR indicate that ECM expansion quantified by ECV may play a role in the vulnerability associated with diabetes. The principal findings demonstrate for the first time that: (i) diabetes is associated with higher ECV; (ii) increased ECV is associated with mortality and/or incident heart failure admission in individuals with diabetes after adjusting for baseline differences in EF and other parameters; (iii) ECM expansion measured by ECV appeared to be ameliorated with inhibition of the RAAS. Extracellular matrix expansion may be an important intermediate phenotype in diabetic individuals that is detectable by ECV and treatable. Several studies support the concept that ECM expansion may contribute to adverse outcomes in the setting of diabetes. First, glucose stimulates human cardiac myofibroblast proliferation in vitro, therefore linking diabetes to cells responsible for ECM expansion and myocardial fibrosis. 29 Second, subclinical cardiac dysfunction in diabetic people also appears associated with ECM expansion 8, 13, 30 and mortality. 31 Third, RAAS inhibition reduces myocardial fibrosis in serial biopsies of human myocardium culminating in improved vasomotor 5 and diastolic function. 9 -11 Fourth, large trials of RAAS inhibition yield improved survival in those with diabetes, irrespective of blood pressure effects even in the absence of heart failure. 32 Those with heart failure appear to benefit most from RAAS inhibition if there is underlying ECM expansion from myocardial fibrosis. 33 The myocardium may have less tolerance of vascular or ischaemic insults in the presence of myocardial fibrosis and ECM expansion. 8 Given prior associations of ECM expansion with mechanical dysfunction, 9,18,34 vasomotor dysfunction, 5 arrhythmia, 6 and mortality 6,7 our data further support the concept that ECM expansion represents an important intermediate phenotype in diabetes. Importantly, the adverse effects of increased collagen are modifiable with regression of the collagen volume fraction after treatment with ACE inhibitors, 5, 9 angiotensin receptor blockers, 11 and mineralocorticoid antagonists 10 in humans, as assessed by serial myocardial biopsy specimens. Yet, the degree of regression of the collagen volume fraction with these agents appears quite modest in these studies, limited to 20% relative change and 1% absolute change over 10 months of treatment on average. Our data showing modestly lower ECV in those with RAAS inhibition agree well with prior biopsy data. Together, these findings suggest an opportunity for more potent agents currently under development to be more efficacious for both regressing ECM expansion and improving outcomes. Still, the association between RAAS inhibition and lower ECV should be confirmed in a prospective trial. Despite the median follow-up of 1.3 years and limited events, we still obtained significant results suggesting that ECV functions well as a risk stratifier. Similar associations were obtained for those without diabetes. From the viewpoint of the clinician, stratifying short-term risks even if the events are limited remains important.
Like many imaging parameters, further work with larger multicentre cohorts is needed to demonstrate the extent to which quantitative CMR measures of ECM expansion stratify risk in individuals and guide clinical care as a therapeutic target to initiate treatment and track response. To prevent over-fitting of the models while employing identical risk adjustment, the number of covariates was constrained by the number of events for the smaller subgroup with diabetes. Models stratified by gender and hospitalization status. ECV hazard ratios reflect 3% increments, where ECV ranged from 22 -47% for those with diabetes and 18 -48% for those without diabetes.
Myocardial tissue characterization appears to be a relevant pursuit. Given the strong prognostic ability of ECV on par with EF, ECV merits further investigation (Supplementary material online, Table 1-3) .
Limitations
Our study has limitations. First, our observational data come from a referred sample in a single centre, not a population study, so our results may not generalize, and we may not have adjusted for all confounders. Still, ECM expansion cannot otherwise be identified clinically and ECV measures were not available at the time of referral to bias referring clinicians. To maximize generalizability, we prospectively enrolled large numbers of consecutive patients and minimized exclusions. Still, certain subgroups such as acute MI patients were not well represented [e.g. 6% (67/1176)], and generalizability to this subgroup is uncertain. Second, we did not quantify ECV in all myocardial segments. Nonetheless, we typically measured fibrosis in 12 of 17 myocardial segments provided they did not contain MI. Despite any imperfections in ECV measurement which would likely obscure relationships with outcomes, we still obtained significant results. Third, the effect of the RAAS blockade on ECV was analysed in a cross-sectional evaluation but not in a longitudinal follow-up study, but our results are consistent with serial human myocardial biopsy data. 5,9,10 Fourth, risk adjustment was limited with potentially unmeasured confounders. Yet, we obtained consistent relationships between ECV and outcomes in Cox regression models. Finally, the mechanism of death was not clear in sufficient numbers to permit inference about how ECM expansion may have affected cause of death (e.g. heart failure or malignant arrhythmia). Still, adjudication for cause of death can be challenging, controversial, and biased, whereas all-cause mortality remains objective and inherently relevant. We believe cardiac causes are likely in our sample that was enriched with heart disease which also remains prevalent in the general population. We also did not examine other relevant outcomes such as coronary events (infarction and revascularization).
Conclusion
Diabetes is associated with myocardial ECM expansion quantified by the ECV. Extracellular volume fraction detects reductions in ECM expansion associated with RAAS inhibition. Extracellular matrix expansion in diabetic individuals is associated with mortality and incident heart failure admission. Extracellular matrix expansion may be an important intermediate phenotype in diabetic individuals that is treatable and detectable non-invasively. Further work is needed to advance understanding of the causes, consequences, and treatment of ECM expansion and understand how measurement of ECV may improve care.
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Supplementary material is available at European Heart Journal online.
